Abstract. Cancer stem cells (CSCs) are associated with tumor initiation, therapeutic resistance, relapse and metastasis. However, the underlying mechanisms CSCs use to preserve stemness are not yet fully understood. The present study demonstrated that the expression of RAB27A, member RAS oncogene family (Rab27a), which was reported to promote tumor progression by upregulating exocytosis of extracellular vesicles, was higher in mammosphere cells than in adherent MDA-MB-231 breast cancer cells. Downregulation of Rab27A inhibited mammosphere formation by decreasing the proportion of CD44 + CD24 -/low cells of the MDA-MB-231 cell line. Furthermore, Rab27A overexpression redistributed the cell cycle of breast (b) CSCs. The present study revealed that downregulation of Rab27A enhanced the capacity of metformin, the most widely used oral hypoglycemic drug for the treatment of type II diabetes, to inhibit mammosphere growth. Metformin reduced the expression of Rab27A dose-dependently. These data suggested that Rab27A acts as a mediator of human bCSCs by promoting the growth of mammospheres and that synergistic suppression of Rab27A, alone or in combination with metformin, holds promise for therapeutically targeting bCSCs.
Introduction
It has become increasingly evident that a small proportion of cancer cells are cancer stem cells (CSCs), CSC-like cells or tumor initiating cells (TICs), which are associated with tumor initiation, propagation, metastasis and therapy failure (1) . CSCs are characterized by a self-renewal capacity, multi-lineage differentiation properties and high tumorigenicity in immunodeficient mice. Such cells have been demonstrated to be resistant to conventional chemotherapy, including 5-fluorouracil, vincristine and cisplatin, or radiotherapy and may cause cancer initiation, metastasis, and recurrence (2) (3) (4) (5) . Al-Hajj et al (6) first reported that epithelial cell adhesion molecule (ESA) + cluster of differentiation (CD) 44 + CD24 −/low lineage-negative (Lin − ) human breast cancer cells were significantly enriched for tumor-forming ability in non-obese diabetic/severe combined immunodeficient mice compared with Lin − cells with other phenotypes. Subsequently, breast cancer cells with high aldehyde dehydrogenase 1 activity or a CD61 high /CD49f high subpopulation were identified as CSCs (7, 8) . These studies not only provided evidence supporting CSC theory but also established breast (b) CSC markers. These markers, alone or in combination, may act as a signature for defining not only bCSCs but also the progressive state (1, 9) .
Rab proteins are members of the Ras-related small guanosine triphosphate superfamily and are believed to control certain cellular events, including secretion (10, 11) . Genomic analysis revealed that the Rab family is composed of 60 members in Homo sapiens (12) . RAB27A, member RAS oncogene family (Rab27a), is a key protein for intracellular secretion and contains two isoforms: Rab27A and Rab27B. Loss-of-function mutations in human Rab27A result in Griscelli syndrome, a rare autosomal disorder characterized by partial cutaneous albinism and severe immunodeficiency (13) (14) (15) . Multiple studies have assessed the functions of Rab27A in the exocytosis of insulin and chromaffin granules in endocrine cells (16) (17) (18) (19) (20) (21) . These data suggested that Rab27A protein is widely expressed in specialized secretory cells, including exocrine, particularly mucin-and zymogen-secreting cells; endocrine; ovarian and hematopoietic cells, most of which undergo regulated exocytosis (19, 22) . Previously, Rab27A was reported to promote various types of tumor progression (17, (23) (24) (25) (26) (27) (28) . Rab27A overexpression promotes the growth and metastasis of breast cancer and melanoma in an exosome-dependent or independent manner (29) .
Metformin is the most widely used oral hypoglycemic drug for the treatment of type II diabetes (30) . Epidemiological studies have previously indicated that metformin may reduce the incidence of cancer in diabetics and improve the outcomes of numerous types of cancer (31) (32) (33) (34) (35) (36) (37) (38) . Metformin has been revealed to preferentially kill CSCs over non-CSCs in different types of breast tumor, through inhibiting the associated inflammatory response by decreasing the expression of CSC-specific genes (39) (40) (41) (42) . Metformin was also reported to overcome trastuzumab resistance by specifically killing breast cancer-initiating CD44 + CD24 −/low cells and by inhibiting erb-b2 receptor tyrosine kinase 2/insulin-like growth factor (IGF)-1R receptor interactions (43) (44) (45) .
The present study assessed the effect of Rab27A on breast cancer stem cells and examined the underlying molecular mechanisms. The results of the present study demonstrated that decreasing Rab27A expression inhibited the growth of mammospheres by decreasing the proportion of CD44 + CD24 -/low cells in the MDA-MB-231 cell line, and that a combination of Rab27A downregulation and metformin more effectively eliminated CSCs compared with downregulating Rab27A or using metformin alone. The results of the present study indicated that Rab27A and metformin may be successfully combined to potentiate anti-CSC activities.
Materials and methods
Cell lines and mammosphere culture. The MDA-MB-231 and SK-BR-3 breast cancer cell lines were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and were maintained in complete growth medium according to the manufacturer's protocol. The medium used for the MDA-MB-231 cell line was L-15 medium (Hyclone; GE Healthcare Life Sciences, Chalfont, UK). Complete growth medium included 0.4% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The complete growth medium for the SK-BR-3 cell line was McCoy's 5a medium (Gibco; Thermo Fisher Scientific, Inc.) with 10% FBS. Cells were maintained at 37˚C in a humidified incubator with 5% CO 2 . To assay mammosphere formation, single cells were plated in ultralow attachment plates (Corning Incorporated, Corning, NY, USA) at a density of 1,000 viable cells/ml in in serum-free Dulbecco's modified Eagle's medium/F12 (Gibco; Thermo Fisher Scientific, Inc.), supplemented with B27 (Invitrogen; Thermo Fisher Scientific, Inc.), 20 ng/ml human recombinant epidermal growth factor and 10 ng/ml basic fibroblastic growth factor, 0.4% bovine serum albumin (BSA) and 4 mg/ml insulin (all from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Mammospheres were cultured for 6 days in an incubator. Mammospheres were treated with metformin for 6 days (Sigma-Aldrich; Merck KGaA) at the concentration of 1 mM or 5 mM at 37˚C. Mammospheres were observed by using a light microscope.
Plasmid construction.
The entire open reading frame of human Rab27A (gene ID 5873) was amplified from 293T cells, which were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Total RNA was extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Complementary (c)DNA was synthesized from 0.5-1 mg of total RNA using the SuperScript II reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.), by incubating 2 µg total RNA and 2 µl random primers at 70˚C for 5 min, and rapid cooling on ice for 5 min. The following components were added to a nuclease-free microcentrifuge tube: 2 µl dNTP (10 mM), 4 µl 5X First-Strand buffer, 2 µl DTT (0.1 M), 1 µl M-MLV reverse transcriptase, sterile distilled water to 20 µl, and the mixture was incubated at 37˚C for 2 h. The Rab27A was cloned by polymerase chain reaction (PCR) using the following gene-specific primers: Rab27A BamHI forward, 5'-CGC GGA TCC ATG TCT GAT GGA GAT TATG-3' (Sangon Biotech Co., Ltd., Shanghai, China) and Rab27A HindIII reverse, 5'-CCC AAG CTT TCA ACA GCC ACA TGC CCC TT-3' (Sangon Biotech Co., Ltd.) and then fused in-frame into the multiple cloning site of a pENTR3C vector (Invitrogen; Thermo Fisher Scientific, Inc.). Using the LR recombination reaction (Invitrogen; Thermo Fisher Scientific, Inc.). The following components were added to a microcentrifuge tube: 100 ng pENTR-Rab27A plasmid, 1 µl pLenti6/V5-DEST (150 ng/ml), 2 µl LR Clonase II, steriled, distilled TE buffer to 10 µl, and the mixture was incubated at 25˚C overnight. Rab27A was subcloned into a destination lentiviral (L.V.) vector (Invitrogen; Thermo Fisher Scientific, Inc.) as recommended by the manufacturer (19) , subsequently named L.V.-Rab27A.
The sequence of small interfering (si)RNA-targeting Rab27A (Sangon Biotech Co., Ltd.) was as follows: Sense, 5'-CGG AUC AGU UAA GUG AAG AAA-3' and antisense, 5'-UUU CUU CAC UUA ACU GAU CCG-3'. A scrambled siRNA was used as a negative control: Sense, 5'-UUC UCC GAA CGU GUC ACG UTT-3' and antisense, 5'-ACG UGA CAC GUU CGG AGA ATT-3'.
Virus packaging and infection. 293T cells were transfected with the L.V.-Rab27A plasmid in vitro using Lipofectamine ® 2000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) for 6 h at room temperature. Viruses were subsequently harvested in liquid state after 48 h by centrifugation (157 x g for 5 min at room temperature). A total of 2 ml virus and 10 µg/ml polybrene (Sigma-Aldrich; Merck KGaA) were added to the MDA-MB-231 breast cancer cells, and cells were cultured for 6 h at 37˚C. Then the culture medium was replaced by complete medium. After 72 h, infected cells were selected by blasticidin at 37˚C (Sigma-Aldrich; Merck KGaA).
RT-quantitative (q)PCR. Total RNA was extracted from 1x10 6 cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. cDNA was synthesized, as aforementioned, from 0.5-1.0 mg total RNA using SuperScript II reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR reactions were performed in a 10 µl reaction volume in triplicate. SYBR-Green II (Invitrogen; Thermo Fisher Scientific, Inc.) was used to detect PCR products. PCR amplification consisted of a 10 min denaturation step at 95˚C followed by 45 Western blot analysis. Cells (1x10 6 ) were lysed in 200 µl RIPA buffer (Beyotime Institute of Biotechnology, Haimen, China) for 10 min at 4˚C. Lysate was cleared using centrifugation at 2,250 x g for 10 min at 4˚C. The supernatant was collected as total proteins and was quantified using the BCA assay (Pierce, Thermo Fisher Scientific, Inc.). SDS-PAGE (12%) was used to separate total proteins (50 µg/lane). Proteins were subsequently transferred to polyvinylidene fluoride membranes (Invitrogen; Thermo Fisher Scientific, Inc.). Membranes were blocked using Blocking Buffer, pH=7.5 (Beyotime Institute of Biotechnology). Membranes were incubated with antibodies raised against Rab27A (cat no. WH0005873M2; dilution, 1:500; Sigma-Aldrich; Merck KGaA), CDK4 (cat no. ab108357; dilution, 1:500), cyclin D (cat no. ab134175; dilution, 1:500), p27 (cat no. ab32034; dilution, 1:500) (all from Abcam, Cambridge, UK) at 4˚C overnight. GAPDH (cat no. ab8245; dilution, 1:1,000) or β-actin (cat no. ab8226; dilution, 1:1,000) (both from Abcam) was used as an internal control. The secondary antibodies IRDye ® 800CW goat anti-rabbit IgG (H+L; cat no. 925-32211) and IRDye ® 800CW goat anti-mouse IgG (H+L; cat no. 925-32210) (both from LI-COR Biosciences, Lincoln, NE, USA) were used at 1:10,000 dilution. Bands were obtained using an Odyssey imaging system (LI-COR Biosciences), and the protein density was quantified in triplicate using Odyssey software version 1.2 (LI-COR Biosciences).
Flow cytometry assay. Cells (1x10
6 /100 ml) were blocked with RPMI-1640 medium containing 3% BSA (Beyotime Institute of Biotechnology) for 30 min on ice. Cells were subsequently incubated with the following primary antibodies: CD44-fluorescein isothiocyanate (FITC) and CD24-phycoerythrin (PE; dilution, 1:100 dilution for 10 6 cells/100 ml; BD Biosciences, San Jose, CA, USA). Cells were subsequently washed using PBS with 3% BSA. Analysis was performed using a fluorescence-activated cell sorting (FACS) Vantage SE flow cytometer (CellQuest Pro version 6.1 software; BD Biosciences).
Statistical analysis. All in vitro experiments were performed either in triplicate. Results were presented as mean ± standard deviation. Statistical significance of variances between group means was analyzed using either a Student's t-test or one-way analysis of variance. P<0.05 was considered to indicate a significant difference. Statistical analyses were performed using SPSS software version 17.0 (IBM Corp., Armonk, NY, USA).
Results

Expression of Rab27A was upregulated in MDA-MB-231 mammospheres.
Mammospheres were generated from the estrogen receptor (ER)-negative breast cancer cell line MDA-MB-231 in serum-free media. MDA-MB-231 cells formed aggregated clusters, rather than compact mammospheres (Fig. 1A) . The expression of Rab27A was upregulated in MDA-MB-231 spheres compared with adherent cells (Fig. 1B and C) , suggesting that Rab27A may serve a function in mammospheres.
D own regu l a t i o n of R a b27A i n h i b ite d m a m m osphere formation by decreasing the proportion of CD44
+ /CD24 -/low cells. MDA-MB-231 cell lines overexpressing Rab27A (L.V.-Rab27A) were used to assess the function of Rab27A in breast cancer stem cells (Fig. 2) . Rab27A was successfully overexpressed in MDA-MB-231 cell lines following transfection with L.V.-Rab27A compared with control group cells which were transfected with the mCherry, a red fluorescence protein (L.V.-Cherry; Fig. 2A and B) . L.V.-Rab27A-treated MDA-MB-231 cells formed more mammospheres compared with control L.V.-Cherry-treated cells (Fig. 2E) . Rab27A-targeting siRNA sequences were designed ( Fig. 2C and D) . Following Rab27A knockdown via RNAi, sphere numbers decreased (Fig. 2E) . Similar results were revealed in the SK-BR-3 cell line (data not shown).
Expression of the prospective bCSC markers CD44-FITC and CD24-PE was assessed using flow cytometry. There was a decreased proportion of CD44 + /CD24 -/low cells in the basal cell line, MDA-MB-231, following Rab27A downregulation (81.767±4.83%) compared with the scramble group (96.267±1.38%) (Fig. 2F and G) and no difference when Rab27A was overexpressed (data not shown). These data suggested that Rab27A may facilitate cancer development via the expanded self-renewal ability of bCSCs.
Rab27A overexpression redistributed the cell cycle of bCSCs.
The present study assessed the impact of Rab27A expression on cell cycle distribution. Cell-associated markers were determined, including cyclin D1, cyclin-dependent kinase 4 (CDK4) and cyclin-dependent kinase inhibitor 1B (p27) in MDA-MB-231 spheres. Overexpression of Rab27A increased the expression of CDK4 and cyclin D1 but downregulated the expression of p27. The reverse results were demonstrated following Rab27A knockdown with RNAi (Fig. 3) .
Metformin inhibited the growth of mammospheres by downregulating the expression of Rab27A. The effect of metformin (1 and 5 mM) on the growth of mammospheres was assessed. Metformin inhibited the growth of mammospheres in a dose-dependent manner when treated with L.V.-cherry (Fig. 4A) . Simultaneously, it was revealed that metformin downregulated the expression of Rab27A in a dose-dependent manner (Fig. 4B and C) . Thus, metformin inhibited mammosphere growth, and this was associated with decreased expression of Rab27A compared with mammosphere growth in untreated cells.
To assess the effect of combining Rab27A expression and metformin treatment, mammospheres overexpressing Rab27A were treated with 1 mM metformin. The growth of mammospheres was not inhibited five days following treatment. However, downregulation of Rab27A increased the capacity of metformin to inhibit mammosphere growth (Fig. 4D) .
Discussion
Previous studies have indicated that CSCs are the source of tumor initiation, metastasis and treatment tolerance. However, CSCs account for only ~0.2-1% of cancer cells (1, 3, 4, 5) . bCSCs may be enriched by sorting for CD44 + CD24 -/low cells, by selecting for side-population cells that efflux Hoechst dyes (47) or by isolating mammospheres, spherical clusters of self-replicating cells, from suspension cultures (48) . The present study established an assay of bCSC sphere formation. Sphere formation is an index of the self-renewal of CSC-like cells (49) . The results of the present study revealed that MDA-MB-231 cells formed stem cell clusters resembling grapes rather than the classic sphere with which the MCF-7 cell line is associated (50) . The spherical structure was potentially determined by the genetic characteristics of the cell line. Expression of Rab27A was higher in mammospheres of the MDA-MB-231 cell line than in adherent cells. These results suggested that Rab27A may serve a function in maintaining the genetic characteristics of CSCs. Rab27A overexpression promoted mammosphere growth. The MDA-MB-231 cell line is highly malignant, and has been associated with tumor initiation, therapeutic resistance, relapse and metastasis (48, 50) . Rab27A knockdown inhibited mammosphere growth. The results of the present study revealed that Rab27A was involved in regulating the stemness of breast cancer. The molecular mechanisms with which Rab27A is associated were also assessed. The results of FACS demonstrated that the downregulation of Rab27A decreased the proportion of CD44 + CD24 -/low cells of the MDA-MB-231 cell line. Cell-cell interactions within the microenvironment are key in the progression of CSCs to local tumor mass and distant metastases. For example, tumors may secrete chemokines or cytokines to modify their environment via signal exchange (51, 52) . Rab27A is crucial for intracellular secretion in an exosome-dependent or exosome-independent manner (29) . Future work will include measuring cytokines secreted in culture media supernatant using a protein microarray and screening out the cytokine for which secretion capacity changed following exogenous expression of Rab27A. The antibody targeting the specifically screened-out cytokine will be prepared and added to the mammosphere culture medium to block the specific cytokine. It can then be assessed whether the antibody inhibits mammosphere growth. These experiments would provide novel insights concerning the therapeutic targeting of CSCs by preventing the secretion of cytokines, and identify an antibody that inhibits CSC growth.
Metformin is the most widely used oral hypoglycemic drug for the treatment of type II diabetes (30) . Previously, metformin was reported to target CSCs in numerous types of cancer, including breast, and to regulate the expression of certain microRNAs and CSC-specific genes (44, 53, 54) . The present study demonstrated that metformin inhibited mammosphere growth and reduced the expression of Rab27A in a dose-dependent manner. These results revealed that metformin inhibited mammosphere growth partly by decreasing the expression of Rab27A. The present study also demonstrated that metformin and Rab27A knockdown had a greater inhibitive effect on mammosphere growth when combined than when separate, potentially providing novel routes for clinical and basic research on tumor therapy.
